Over the last decade there has been a continuing interest in slow and stored light based on the electromagnetically induced transparency (EIT) effect, because of their potential applications in quantum information manipulation. However, previous experimental works all dealt with the single-component slow light which cannot be employed as a qubit. In this work, we report the first experimental demonstration of two-component or spinor slow light (SSL) using a double tripod (DT) atom-light coupling scheme. The oscillations between the two components, similar to the Rabi oscillation of a two-level system or a qubit, were observed. Single-photon SSL can be considered as two-color qubits. We experimentally demonstrated a possible application of the DT scheme as quantum memory and quantum rotator for the two-color qubits. This work opens up a new direction in the slow light research.
INTRODUCTION
Based on the effect of electromagnetically induced transparency (EIT) [1] [2] [3] , the developments of slow light [4] [5] [6] [7] [8] , storage of light [9] [10] [11] [12] [13] [14] [15] [16] [17] , and stationary light pulses [18] [19] [20] [21] have attracted great attention. The slow light as well as the stationary light pulse greatly enhances the interaction time between light and matter and, therefore, makes nonlinear optical processes achieve significant efficiencies even at low-light or single-photon level [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The storage of light provides a method of coherent transfer of wave functions between photons and atoms [36] [37] [38] [39] [40] [41] [42] [43] and has the great potential in applications of quantum memory. These developments have made important impacts to quantum information science and can lead to the applications in manipulation of quantum information.
Utilizing a double tripod (DT) atom-light coupling scheme [44] [45] [46] [47] , we experimentally demonstrated the twocomponent or spinor slow light (SSL) 48 . The DT scheme is a combination of two single-tripod schemes [49] [50] [51] [52] [53] , but its physics is more abundant due to the interaction between the two components of light coupled with two atomic coherences. SSL exhibits a number of additional distinct features, such as formation of the quasi-particles characterized by the Dirac spectra 44, 45 or oscillations 45, 46 between the two components. Furthermore, the SSL can be exploited in designing novel photonic devices, e.g. interferometers for sensitive measurements and quantum memory/rotator for two color qubits, which will be discussed later in this article.
-6... Relevant energy levels and laser excitations in the double-tripod system. ε A and ε B represent the probe fields; Ω A1 , Ω A2 , Ω B1 and Ω B2 indicate the coupling fields; δ (or −δ) is the two-photon detuning, i.e. the probe detuning subtracts the coupling detuning, with respect to the Raman transition between |0〉 and |1〉 (or |0〉 and |2〉). In the experiment utilizing laser-cooled 87 transitions from the same ground states to |B〉 to form the second tripod configuration. The dynamics of the two probe fields and atomic coherences can be described by the following Maxwell-Bloch equations: 
where ρ A (or ρ B ) is the coherence of the probe transition |0〉→|A〉 (or |0〉→|B〉), ρ 1 (or ρ 2 ) is the atomic ground-state coherence between |0〉 and |1〉 (or between |0〉 and |2〉), Γ is the spontaneous decay rate of the excited states |A〉 and |B〉, α and L are the optical density (OD) and length of the medium, δ or −δ is the two-photon detuning, and γ is the dephasing rate of the atomic coherences ρ 1 and ρ 2 . The probe fields are assumed to be much weaker than the coupling fields such that one can treat the probe fields as a perturbation. All atomic population is in the ground state |0〉. The fastoscillation exponential factors associating with center frequencies and the wave vectors have been eliminated from the equations, and only slowly-varying amplitudes are retained.
We focus on the case where the complex Rabi frequencies of the four coupling fields have the same amplitude of Ω. Thus, the complex Rabi frequency of the nth coupling field is Ω n = Ωe iθ n with n = A1, A2, B1 or B2, where θ n is the phase of coupling field. We define θ ≡ (θ A1 − θ A2 ) − (θ B1 − θ B2 ) to be a relative phase among the four coupling fields. To simplify the derivation, we take γ = 0. For the continuous waves, Eqs. (1)- (3) reduce to 
Here we set the phases of individual coupling fields (θ A1 , θ A2 , θ B1 , θ B2 ) = (θ/2, 0, 0, θ/2) such that their relative phase is θ. Other combinations, such as (θ/2, −θ/2, 0, 0), (θ, 0, 0, 0), (0, 0, 0, θ), etc., can also achieve the same result below. To derive the solution of the above equations, we first make use of Eqs. (5) and (6) 
The matrix on the right-hand side of the above equation can be diagonalized by transforming the two probe fields (ε A , ε B ) to new variables (ε a , ε b ) via a unitary transformation
The transformed fields ε a and ε b represent the two normal modes inside the medium. After the diagonalization of the matrix in Eq. (7), the solution of (ε a , ε b ) is easily obtained. We transform the solution of (ε a , ε b ) to that of (ε A , ε B ) given
For β ≫ 1 or Ω 2 sin(θ/2) ≫ δΓ, i.e. the two-photon detuning is small as compared with the coupling Rabi frequency (the common situation in the EIT experiments), the solution simplifies to
As only one probe field is present at the input, e.g. ε A (0) = 1 and ε B (0) = 0, the transmissions of the two output probes are given by
( 1 1 ) The oscillation between the two modes show up at the output of the medium, and φ is the oscillation phase. A larger θ makes the oscillations more prominent. Thus, we set θ = π to give the maximum contrast or difference between two output probe fields at a small δ.
The number of oscillation cycles can be considerably increased with the storage and retrieval of SSL. The idea is based on our previous experience that the propagation time of the light pulses in the medium is equivalent to the storage time of the ones transformed into the atomic coherences ρ 1 and ρ 2 . In Eq. (11) at θ = π, the quantity t d ≡ αΓ/(2Ω 2 ), representing the SSL propagation delay time, determines the oscillation phase as
By storing SSL for a time t s , the propagation time t d is replaced by the storage time t s in the oscillation phase of the SSL. Thus, the two retrieved probe fields are given by 
Because the storage time can be much longer than the propagation delay time, the oscillation is more prominent with the stored SSL. Furthermore, the decay factor of exp(−2φ 2 /α) in Eq. (11) is the energy loss caused by the two-photon detuning during the propagation. This energy loss will not show up during the storage. On the other hand, the decay factor of exp(−t s /τ coh ) in Eq. (12) is the energy loss caused by the decoherence process in the system, which can usually be much smaller than exp(−2φ 2 /α). Although no derivation is provided here, we will demonstrate Eq. (12) with the experimental data and illustrate its physical picture later in Section 4.
EXPERIMENTAL SETUP
We carried out the experiment in cold 87 Rb atoms. The cigar-shaped cloud of cold atoms were produced by a magnetooptical trap (MOT) 54 . Typically, we can trap 1.0×10 9 atoms in the MOT as measured by the optical pumping method 55 .
The temperature of the atoms was about 300 μK determined by the counter-propagating EIT scheme 56 . We employed the temporal dark MOT 57 to increase the optical density (OD) before performing each measurement. During the process of the dark MOT, the intensity of the repumping field was reduced from 1.1 mW/cm 2 to 4.4 μW/cm 2 . In each measurement, we switched off the MOT to avoid the perturbation induced by the magnetic, trapping and repumping fields.
The four coupling fields Ω A1 , Ω A2 , Ω B1 and Ω B2 drove the transitions of |5S 1/2 ,F=2〉 → |5P 1/2 ,F=2〉, |5S 1/2 ,F=1〉 → |5P 1/2 ,F=2〉, |5S 1/2 ,F=2〉 → |5P 3/2 ,F=2〉 and |5S 1/2 ,F=1〉 → |5P 3/2 ,F=2〉, respectively, and had the σ+ polarization. We first employed an optical pumping field with the σ+ polarization, driving the transition from |5S 1/2 ,F=1〉 to |5P 3/2 ,F=2〉, together with the coupling fields Ω A1 and Ω B1 . These three fields made the ground Zeeman state of |5S 1/2 ,F=2,m=2〉 (denoted as |0〉 in Fig. 1 ) become the only dark state in the system. All population was optically pumped into to |0〉. The two probe fields ε A and ε B drove the transitions of |5S 1/2 ,F=2〉 → |5P 1/2 ,F=2〉 and |5S 1/2 ,F=2〉 → |5P 3/2 ,F=2〉, respectively, and had the σ− polarization. Because all the ground Zeeman states other than |0〉 had no population, only the probe transitions of |0〉 → |5P 1/2 ,F=2,m=1〉 (i.e. |A〉) and |0〉 → |5P 3/2 ,F=2,m=1〉 (i.e. |B〉), and the coupling transitions of |5S 1/2 ,F=2,m=0〉 (i.e. |1〉) → |A〉 and |5S 1/2 ,F=1,m=0〉 (i.e. |2〉) → |B〉 were relevant. Consequently, the entire atom-light coupling scheme becomes a simple DT system as shown in Fig. 1 , and all other states and transitions were irrelevant.
After all population was pumped into the ground state |0〉, we switched on Ω A2 and Ω B2 . As the four coupling fields for the SSL formation were present, we fired the probe pulse ε A . Two photo multipliers (Hamamatsu PMT H6780-20 and H10720) were employed to detect the signals of the two output probe pulses ε A and ε B . Signals from the PMTs were sent to a digital oscilloscope (Agilent MSO6014A). Data were averaged 200 times by the oscilloscope before acquired by a computer. After the measurement was complete, we turned off the coupling fields and turned back on the MOT. The above measurement sequence was repeated every 0.15 s.
The important experimental parameters are listed below. The wavelength of ε A , Ω A1 and Ω A2 is 795 nm and that of ε B , Ω B1 and Ω B2 is 780 nm. The spontaneous decay rate (Γ) of the excited states |A〉 and |B〉 is about 2π×6 MHz. In the experimental system, the optical density (α) was 20 and the coherence time (τ coh ) was around 76 μs. We set all the coupling Rabi frequencies Ω A1 , Ω A2 , Ω B1 and Ω B2 to approximately 0.51Γ in the measurement. The input probe pulse had the Gaussian shape with an e −2 full width of 2.5 μs and a peak power of 15 nW, and its intensity was sufficiently weak to be considered as the perturbation such that Eqs. (1)- (3) are valid. We set the relative phase among the four coupling fields (θ) to π through the entire measurements. Other details can be found in Ref. 48 .
RESULTS

Oscillation of Spinor Slow Light
We first demonstrated the oscillation phenomenon resulting from the SSL in the DT scheme as shown in Eq. (12) . Only one probe pulse ε A was sent to the input. As ε A propagated through the atoms, the four coupling fields were constantly present. Then, we switched off the coupling fields to store the probe pulse in the atom cloud. After a storage time of t s = 15 μs, we switched on the coupling fields and retrieved the probe pulse which now consisted of ε A and ε B . The retrieved energies of ε A and ε B were measured against the two-photon detuning δ or, equivalently, the oscillation phase φ. where φ = (t s +t d )δ, t s (the storage time) = 15 μs and t d (the propagation time) = 1 μs. Theoretically, the oscillation period is equal to π/(16 μs) = 2π×31 kHz. The best fit of the data shown in Fig. 2 determines the period being 2π×(30.8±0.1) kHz which is in agreement with the theoretical prediction.
We provide a physical picture to explain the result. As SSL is stored, there are two ground-state coherences ρ 1 and ρ 2 in the medium. The two-photon detunings δ and −δ make the precession frequencies of ρ 1 and ρ 2 different. At the retrieval, the phase difference between ρ 1 and ρ 2 determines how much ε A and ε B can be read out. This can be seen under the adiabatic condition as follows. At θ = π, the Rabi frequencies of the four coupling fields with the same amplitude are equal to the values of iΩ, Ω, Ω and iΩ. As shown by Eq. (5) ( 1 4 ) Because only the probe ε A is present at the input, (ε A , ε B ) = (ε A,in , 0). Right after the storing process (denoted as t = 0), Eq. (14) results in
( 1 5 ) The phases of ρ 1 (t) and ρ 2 (t) evolve with time during the storage. At t = t s ,
where φ (−φ) is the phase of ρ 1 (ρ 2 ) induced by the two-photon detuning. Right after the retrieving process, Eq. (14) gives
( 1 7 ) As φ = π/2, with the help of Eqs. (15)- (17) we can see that only the probe ε B is read out because
As φ = π, with the help of Eqs. (15)- (17) we can see that only the probe ε A is read out because
For other values of φ, both the probes ε A and ε B are read out as predicted by Eq. (12). 
Spinor-Slow-Light Interferometer
The two signals, oscillating as functions of the detuning δ or equivalently the phase difference φ as shown in Fig. 2 , are similar to those of an interferometer. This suggests that one can use SSL as an interferometer to precisely determine the two-photon detuning δ. The coherence time in the experiment was about 76 μs. Using the sufficiently long coherence time, we experimentally demonstrated the idea of SSL interferometer with two measurement series. In the first measurement series, we set δ to 2π×10 kHz, and the measured data are shown in Fig. 3(a) . In the second measurement series, we set δ to 2π×20 kHz, and the measured data are shown in Fig. 3(b) . Note that the difference of two values of δ can be set much more precisely than their absolute values. The difference in δ of the two measurement series was 2π×10.0 kHz. The retrieved ε A and ε B energies were taken against the storage time as shown in the figures. The best fits of the data determine the oscillation periods (T s ) being 49.9±0.3 μs in Fig. 3(a) and being 25.3±0.1 μs in Fig. 3(b) .
According to Eq. (12), we have δ = π/ T s , which gives the difference in δ equal to 2π×9.7 kHz. The measured value of the difference is consistent with the actual one, showing that the SSL interferometer can be used to determine the detuning δ induced by light shifts, Zeeman shifts, etc. The frequency precision demonstrated here is of the order of 100
Hz under a storage time close to 100 μs. In principle, a longer storage time allows to determine the frequency more precisely. An optical dipole trap can be employed to confine cold atoms, leading to the storage time of about 1 s for stored light 15 . Extrapolating from our data, a storage time of 1 s may result in a frequency precision of 0.01 Hz for the SSL interferometer. 
Two-Color Qubits
Single-photon SSL can be considered as a two-color qubit whose wave function is the superposition state of two frequency modes given by | = cos |1 , 0 + sin |0 , 1 .
( 1 8 ) Photons in two-color quantum states are inert to birefringent materials, e.g. optical fibers, being a desirable feature of the information carrier in long-distance quantum communication. The two-color qubit in our case has the frequency mode ω A corresponding to the wavelength of 795 nm and the frequency mode ω B corresponding to the wavelength of 780 nm. One is able to produce such qubit by sending a single photon with the wavelength of either 795 or 780 nm to the DT system. The oscillation behavior shown in Figs. 3(a) and 3(b) can be considered as the Rabi oscillation in a twolevel system, the precession of a spin, or the state rotation of a qubit. The two-photon detuning for SSL or two-color qubits here is in analogy with the magnetic field for spins. The DT system can employed as the quantum memory. To see this, we sent both ε A and ε B pulses to the medium and set δ = 0 during the storage. The temporal profiles of the two retrieved pulses at different values of (cosφ/sinφ) 2 = 1.5, 0.9 and 0.5 are shown in Figs. 4(a)-4(c) , respectively. In each figure, the pulse shapes of the readout ε A and ε B after the storage time of 3 μs are very close to those after the storage time of 33 μs. In all figures, the energy ratios after the storage time of 3 μs are also nearly the same as those after the storage time of 33 μs. Furthermore, one can also apply a two-photon detuning δ during the storage period to change the values of cosφ and sinφ in Eq. (18) . The detuning is made by the Zeeman or a.c. Stark shift induced by a pulse of magnetic field or by a far detuned microwave or laser pulse. The amount of the change is controlled by the product of the detuning and pulse duration. An example of rotating (ε A , ε B ) = (1, 0) to (ε A , ε B ) = (cosφ, sinφ) has been demonstrated by the data in Fig. 2 . Our demonstrations of memory and rotator were done with classical light. Nevertheless, due to quantum nature of the EIT effect the results suggest that the DT scheme can lead to the applications of quantum memory and quantum rotator for two-color qubits. 
CONCLUSION
We observed two-component or spinor slow light (SSL) in the double tripod (DT) system as demonstrated by the oscillation between its two components of the wavelengths of 780 nm and 795 nm. The data of the light-storage DT scheme were used to determine the two-photon detuning with the satisfactory accuracy and precision, suggesting the application of the SSL interferometer for precision measurements. Single-photon SSL can be considered as a two-color qubit. As a proof-of-principle experiment, we showed that the DT scheme can be employed as the quantum memory and quantum rotator for the two-color qubits. Furthermore, the SSL may lead to interesting physics such as Dirac particles 44 , Klein tunneling 45 and spinor Bose-Einstein condensation of dark-state polaritons 19 . This work opens a new avenue in the slow light research.
